The maintenance of chronic pain states requires the regulation of gene expression, which relies on an influx of calcium. Calcium influx through neuronal L-type voltage-gated calcium channels (LTCs) plays a pivotal role in excitation-transcription coupling, but the involvement of LTCs in chronic pain remains unclear. We used a peptide nucleic acid (transportan 10-PNA conjugates)-based antisense strategy to investigate the role of the LTC subtypes Ca V 1.2 and Ca V 1.3 in long-term pain sensitization in a rat model of neuropathy (spinal nerve ligation). Our results demonstrate that specific knockdown of Ca V 1.2 in the spinal dorsal horn reversed the neuropathy-associated mechanical hypersensitivity and the hyperexcitability and increased responsiveness of dorsal horn neurons. Intrathecal application of anti-Ca V 1.2 siRNAs confirmed the preceding results. We also demonstrated an upregulation of Ca V 1.2 mRNA and protein in neuropathic animals concomitant to specific Ca V 1.2-dependent phosphorylation of the cAMP response element (CRE)-binding protein (CREB) transcription factor. Moreover, spinal nerve ligation animals showed enhanced transcription of the CREB/CRE-dependent gene COX-2 (cyclooxygenase 2), which also depends strictly on Ca V 1.2 activation. We propose that L-type calcium channels in the spinal dorsal horn play an important role in pain processing, and that the maintenance of chronic neuropathic pain depends specifically on channels comprising Ca V 1.2.
Introduction
Acute pain and the associated transient period of hypersensitivity are adaptive mechanisms that warn individuals of the potential or actual danger of tissue damage. However, in pathological conditions, such as neuropathic syndromes, pain may become permanent, thereby altering the physical and emotional functioning of patients, decreasing their quality of life and impairing their ability to work (Costigan et al., 2009 ). Neuropathic pain is an expression of pathological operation of the nervous system, which commonly results from nerve injury (Campbell and Meyer, 2006) . Most treatments have been empirically established, and their efficacy sometimes remains unsatisfactory. It is therefore necessary to pursue a deeper understanding of the cellular mechanisms maintaining chronic neuropathic pain states (Baron, 2006) .
Chronic pain is associated with long-lasting changes in gene expression involving calcium channels (Woolf and Salter, 2000) . One of the main sources of calcium influx mediating gene regulation is L-type voltage-gated calcium channels (LTCs) (Bading et al., 1993; Bito et al., 1996; Deisseroth et al., 1998; West et al., 2001) . However, the involvement of LTCs in neuropathic pain processing is unclear [for review, see Vanegas and Schaible (2000) and Yaksh (2006) ]. In the CNS, two isoforms of the ␣1 subunit (Ca V 1.2 and Ca V 1.3) define two classes of LTC (Hell et al., 1993; Koschak et al., 2001; Xu and Lipscombe, 2001; Striessnig and Koschak, 2008) , and it is known that Ca V 1.2 is involved in gene regulation Weick et al., 2003; Gomez-Ospina et al., 2006; Zhang et al., 2006) . We used a peptide nucleic acid (covalent transportan 10-S-S-PNA conjugates)-based antisense strategy (Pooga et al., 1998) to investigate the role of Ca V 1.2 in the maintenance of long-term mechanical hypersensitivity in the "spinal nerve ligation" (SNL) model of neuropathy in the rat (Kim and Chung, 1992) . We showed that specific knockdown of the Ca V 1.2 gene, but not of the Ca V 1.3 gene, totally reversed this component of the neuropathic sensitization to pain. Intrathecal application of two distinct anti-Ca V 1.2 siRNAs confirmed the preceding results. Ca V 1.2 gene knockdown also reversed the enhanced excitability and responsiveness of spinal dorsal horn neurons. We also showed that Ca V 1.2 transcript and protein expression was upregulated in SNL rats. We explored the intracellular signaling pathways associated with Ca V 1.2-mediated neuropathic pain, and demonstrated a preferential Ca V 1.2-mediated increase in intranuclear calcium, and a specific Ca V 1.2-dependent phosphorylation of the cAMP response element (CRE)-binding protein (CREB) transcription factor, concomitant with an enhanced transcription of the CREB/CRE-dependent gene cyclooxygenase 2 (COX-2). Altogether, our data demonstrate that LTCs in the spinal dorsal horn, and especially those comprising Ca V 1.2, are crucial factors for the maintenance of chronic neuropathic pain.
Materials and Methods

Animals
All experimental procedures followed the ethical guidelines of the International Association for the Study of Pain and were approved by the local ethics committee (agreement number AP 1/04/2005). The experiments were done on adult Wistar rats (250 -300 g).
Animal model of neuropathy and behavioral tests
Forty-six adult male rats were used in the spinal nerve ligation model experiments (Kim and Chung, 1992) . The right L5 and L6 spinal nerves were isolated and tightly ligated with a 7.0 silk thread. After complete hemostasis, the incision was sutured. Surgery was performed on all rats under gaseous anesthesia with a mixture of halothane (5% for induction and 2% for maintenance) and a 1:1 flow ratio of air/O 2 . The rats resumed normal activity within 30 min after termination of the gaseous anesthesia.
Mechanical response thresholds were monitored at 1 d before surgery (day Ϫ1, reference value for each animal), and at days 7 and 11 [24 h after the last peptide nucleic acid (PNA) injection] after surgery (Fig. 1) . The rats were placed in the testing cage 1 h before the test for habituation. The withdrawal threshold of the leg on the operated side was determined in response to mechanical stimuli applied to the plantar surface of the foot. The limb withdrawal threshold was measured by an electronic device (Bioseb) derived from von Frey filaments. Nonoperated rats were used as controls.
Intrathecal drug administration
Rats were subjected to gaseous anesthesia with halothane or isoflurane (5% for induction and 2% for maintenance). For nicardipine chronic administration, an Alzet osmotic pump (1007D, DURECT) was filled with 100 mM nicardipine, placed subcutaneously, and connected to a catheter (PE-10) placed intrathecally above the lumbar part of the spinal cord. Nicardipine was released with a 0.5 l/h (26 g/h) flow during 5 d. For PNA chronic injections, the same catheter (PE-10) was also introduced above the lumbar part of the spinal cord, and the external portion of the catheter ran under the skin up to the neck (Jasmin and Ohara, 2001) . The incision was closed using 3-0 surgical sutures. The drugs were injected using a Hamilton syringe connected to the catheter and flushed with 10 l of saline (dead volume of the catheter).
PNA design and application
PNA sequences (15-mers) were designed to target regions upstream to the translation start site of Ca V 1.2 and Ca V 1.3 mRNA. Care was taken to minimize the stability of the hairpin secondary structures under physiological conditions: anti-Ca V 1.2 PNA: Cys-CGTGAGATTGTAATG; anti-Ca V 1.3 PNA: Cys-GTTACTGATAGGTAG; mismatch PNA: Cys-CGTGAATTAGTTAGG.
To improve their intracellular delivery, cysteine-extended PNAs were coupled to the cell-penetrating peptide transportan TP10 [AGYLLGKINLK(C)ALAALAKKIL-amide] (Soomets et al., 2000) through a disulfide bond. After reduction of the bond in the intracellular medium, the transportan 10-PNA constructs were dissociated, and the PNAs could either associate with target Ca V 1.2 or Ca V 1.3 mRNA in the cytosol or translocate into the nucleus, thereby interacting with the corresponding DNA sequences.
The PNAs were synthesized automatically on an Applied Biosystems 433A peptide synthesizer using the t-Boc strategy (Egholm et al., 1993) . The carrier peptide, transportan 10 (TP10), was synthesized on the Applied Biosystems 431A peptide synthesizer and purified before conjugation with PNA on a reverse-phase HPLC C 18 column. The masses of the purified peptide and of the PNA were verified by MALDI-TOF (ABI Voyager-DE STR) mass spectrometry. Conjugation was performed in a DMSO/dimethylformamide/0.1 M acetic buffer, pH 5.5, 1/1/3 mixture overnight, and the products were separated on a C 18 HPLC column. The correct conjugate was determined via an absorbance profile created by a multiwavelength detector of HPLC and by MALDI-TOF mass spectrometry. To assess the penetration into tissues, biotin-coupled transportan 10-PNA constructs were also synthesized. Transportan 10-PNA constructs were injected daily for 4 d, a time interval consistent with calcium channel turnover (Dobremez et al., 2005) . Behavioral and electrophysiological experiments were performed 24 h after the last injection.
RNA interference
We used siRNA targeting several splice variants of Ca V 1.2 ("Silencer Select Pre-designed and Validated siRNA", Ambion). They consisted of a pool of two 21 nt duplex. siRNAs were selected to target two distinct Ca V 1.2 mRNA regions to enhance silencing. The antisense sequences were as follows: UC-UAUUGUCAUAUCGCAGG and UAUCCGAACAGGUAUAGAG.
In contrast to PNA, these siRNAs targeted the 5Ј-coding region. Mismatch siRNA was a nontargeting 21 nt duplex designed as a negative control. The siRNAs (2 g) were solubilized in 10 l of i-Fect reagent (Neuromics) following Neuromics instructions and published protocol (Luo et al., 2005) , and applied intrathecally according to the same protocol as for the PNA.
Immunohistochemistry
Control, sham, SNL, and PNA-injected rats were perfusion fixed through the ascending aorta with 4% paraformaldehyde in phosphate buffer (0.1 M, pH 7.4). Immunohistochemistry was performed on young rats after intrathecal injection of either anti-Ca V 1.2, anti-Ca V 1.3, or mismatch PNAs (n ϭ 4 for each condition). Double immunodetection of Ca V 1.2 or Ca V 1.3, and microtubule-associated protein 2 (MAP2), a somatodendritic neuronal marker, was performed in spinal cord cryostat sections (30 m thickness; Microm). Briefly, sections were incubated overnight at 4°C with mouse anti-MAP2 (1:1000; Sigma) and rabbit anti-Ca V 1.2 or anti-Ca V 1.3 (1:20; Alomone) antibodies. After rinsing, the sections were incubated with biotinylated goat anti-rabbit antibody (1:200; Vector Laboratories) and next with Alexa 488-conjugated streptavidin (1:500) and Alexa 568-conjugated goat anti-mouse (1:500) antibodies (Molecular Probes/Invitrogen). We also used a mouse anti-Ca V 1.2 antibody (1:200; NeuroMab Facility, Antibodies Incorporated). After rinsing, the sections were incubated with biotinylated horse anti-mouse antibody (1:200; Vector Laboratories) and next with Alexa 488-conjugated streptavidin (1:500) (Molecular Probes/Invitrogen). The sections were then mounted and viewed with an epifluorescence microscope (Zeiss Axiophot 2 imaging). Specificity of antibodies was determined as previously described (Dobremez et al., 2005) .
For immunofluorescence quantification, Ca V 1.2-immunolabeled sections were viewed with a confocal microscope (Leica SP2, Leica Microsystems). Images to be compared were collected during the same session using identical scanning settings. They were then imported into "ImageJ" free software (version 1.42q) for quantitative analysis. Background was Figure 1 . Experimental procedure. Spinal nerve ligations (branches 5 and 6 of the sciatic nerve; SNL model of neuropathy) were performed at day 0. The mechanical threshold was measured 1 d before the surgery (Ϫ1) and at 7 and 11 d after surgery. TP10-PNA constructs were injected daily from day 7 to day 10.
subtracted by thresholding, and the mean gray level corresponding to fluorescence intensity was measured.
Biotin-coupled constructs were injected intrathecally as described above, and their tissular penetration was assessed in perfusion-fixed spinal sections. Briefly, the sections were incubated with peroxidaseconjugated streptavidin (1:500; Vector Laboratories). After rinsing, the peroxidase activity was revealed with diaminobenzidine. The sections were finally dehydrated, mounted and observed with brightfield illumination.
Spinal cord cell cultures and calcium imaging
Dissociated cultures were made from the lumbar spinal cord of E18 rat embryos. The embryos were delivered by cesarean section from deeply anesthetized pregnant females and killed by decapitation.
Slices of the lumbar region of the spinal cord, without dorsal root ganglia, were exposed to a 1ϫ trypsin solution for 25 min at 37°C. Slices were then mechanically dissociated by forcing them through fine-tipped pipettes. Cells were plated at a density of 100,000/100 l on glass coverslips previously coated with polylysine (0.1 mg/ml) and laminin (0.05 mg/ml). The cultures were kept for 1 week in serumfree Neurobasal medium (Invitrogen) that was supplemented with B27 and GlutaMax (both Invitrogen), and then were incubated in a 5% CO 2 /95% O 2 atmosphere at 36.5°C. Half of the medium was changed twice a week. After 1 week, the cultures were treated daily with PNA (50 M) for 4 d.
Spinal cells were filled with the Ca 2ϩ indicator fluo4/AM (10 M), and changes in [Ca 2ϩ ] i were measured using a CCD camera and observed using a 60ϫ objective lens. The cells were continuously superfused with artificial CSF (ACSF) containing the following (in mM): 130 NaCl, 3 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , 0.58 NaH 2 PO 4 , 25 NaHCO 3 , and 10 glucose. The ACSF was adjusted to pH 7.4 with HCl, and equilibrated with 95% CO 2 -5% O 2 at room temperature (25-26°C). Tetrodotoxin (0.1 M) was added to the saline to decrease spontaneous activity. Increases of [Ca 2ϩ ] i induced by 7 min bath applications of 30 mM K ϩ were acquired by recording a series of 300 frames (1 frame/3 s, exposure time: 20 -250 ms) with IPLab software (Scanalytics). For the global Ca 2ϩ transient measurements, changes in fluorescence (F T ) were calculated for each cell relative to the averaged baseline fluorescence before stimulation (F rest ) and expressed as %⌬F/F ϭ [(F T Ϫ F rest )/F rest ] ϫ 100. To evaluate the nucleus/cytoplasm fluorescence ratio, analysis was performed at the maximum of the Ca 2ϩ response in individual cells presenting a visible nucleus. A rectangle region of interest (ROI) was defined, including a part of the cytoplasm and the nucleus. The intensities were averaged in each pixel column of the ROI, and plotted along the x-axis. We extracted from these plots the minimal and maximal fluorescence intensities, which were attributed to the cytoplasm and nucleus, respectively.
Immunoautoradiography
Control, sham, SNL, and PNA-injected rats were perfusion fixed through the ascending aorta with 4% paraformaldehyde in phosphate buffer (0.1 M, pH 7.4). Immunoautoradiography was performed on adult rat spinal cord cryostat sections (14 m) that were thaw mounted onto SuperFrost Gold slides (CML). Sections corresponding to different experimental models [sham (n ϭ 6), SNL (n ϭ 6), SNL ϩ anti-Ca V 1.2 (n ϭ 5) and SNL ϩ anti-Ca V 1.3 (n ϭ 5) injected rats] were mounted together on the same slides and treated as one batch. The sections were first preincubated for 10 min in PBS-NaI-BSA buffer [0.15 g/L NaI, 30 g/L bovine serum albumin (Sigma) in PBS 0.01 M, pH 7.4], and then incubated at 4°C for 24 h with one of the following primary antibodies (1:500 in PBS-NaI-BSA): anti-phosphoP44/42 mitogen-activated protein kinase (MAPK) antibodies (Cell Signaling Technology); anti-CREB or anti-ser133 phosphoCREB antibodies (PhosphoPlus CREB antibody kit); anti-phospho p38 MAPK antibodies (Cell Signaling Technology); anti-phosphoCaMKII T286 antibodies (AbCam). The sections were rinsed in PBSNaI-BSA at room temperature. They were then incubated with a biotinylated anti-rabbit or anti-mouse secondary antibody (Vector Laboratories) (1:100 in PBS-NaI-BSA) for 30 min at room temperature. Sections were rinsed in PBS-NaI-BSA and then incubated with radiolabeled ( 35 S) streptavidin (GE Healthcare Biosciences) (1:100 in PBS-NaI-BSA) for 30 min at room temperature. The sections were rinsed twice in PBS-NaI-BSA, and for 10 min in distilled water to remove the excess salt. After being air dried, the sections were processed for radioactive imaging and quantitative analysis.
The images were acquired with a ␤-sensitive radioimager (Microimager, Biospace Mesures), allowing real-time acquisition with a 15 m spatial resolution, and quantification (Laniece et al., 1998) . The signal obtained was a linear function of the radioactivity.
A thin foil of scintillating paper was placed in contact with the slides. ␤-Particles emitted by the radioactive streptavidin were identified by acquisition of the light spot emissions for 6 h by a charge-coupled device (CCD), coupled to an image intensifier. Image analysis was done with ␤ visionϩ software (Biospace Mesures). The average surfacic activity (SA) (cpm/mm 2 ) was calculated for superficial and deep laminae. Areas of interest that were ipsilateral to the ligation (SAi) were compared to the corresponding areas on the contralateral side (SAc). The variations (⌬SA) were expressed as percentages of the contralateral side according to ⌬SA ϭ [(SAi Ϫ SAc)/SAc] ϫ 100 (mean Ϯ SEM).
Electrophysiology
Extracellular recordings were made as previously described (Fossat et al., 2007) . Briefly, rats were placed in a stereotaxic frame to ensure stability during electrophysiological recordings. Recordings of wide dynamic range (WDR) dorsal horn neurons (DHNs) were made with borosilicate glass capillaries (2 M⍀, filled with 4% NaCl) (Harvard Apparatus). The depth of the neurons from the surface of the dorsal horn of the spinal cord was monitored. The criterion for neuron selection was a depth ranging from 500 to 1000 m and the presence of an A␤-fiber-evoked response followed by a C-fiber-evoked response to electrical stimulation of the ipsilateral paw. The response of the neuron to various natural innocuous (brush, pressure) and noxious (pinch) stimulations of the most responsive part of the receptive field was characterized. To quantify natural mechanical stimuli, we used an electronic device derived from von Frey filaments (Bioseb) . Four calibrated pressures were tested (5 g, 10 g, 25 g, and 50 g).
Data were acquired by means of a CED 1401 interface (Cambridge Electronic Design) and analyzed with the Spike 2 software (Cambridge Electronic Design). The data were plotted with the Sigma-Plot software (version 6.00, Systat Software).
Western blots
Membrane preparation. Ipsilateral lumbar spinal cord tissue from sham, SNL, anti-Ca V 1.2 siRNA-injected, and anti-Ca V 1.2 PNAinjected animals were homogenized in ice-cold buffer (20 mM HEPES, 0.15 mM EDTA, and 10 mM KCl, pH 8) containing protease inhibitors (Roche) and centrifuged for 5 min at 2500 rpm. The supernatant was centrifuged for 30 min at 14,000 rpm. The pellet was homogenized in the same buffer adjusted at 15% sucrose. The homogenate was centrifuged for 5 min at 2000 rpm to remove genomic DNA. The supernatant containing the membranes was centrifuged again for 30 min at 14,000 rpm. Spinal cord membranes were solubilized in a medium containing 20 mM HEPES, 1% Triton X-100, 150 mM NaCl, and 5 mM EDTA, pH 8, and then incubated for 45 min. The sample was centrifuged for 45 min at 14,000 rpm. All steps were performed at 4°C. Protein concentration was evaluated with a Bio-Rad protein assay.
Western blotting. Equal amounts of proteins were subjected to SDS-PAGE electrophoresis on 7% polyacrylamide gels. Western blots were reprobed for GAPDH to verify the amount of proteins loaded on each lane. Membrane was incubated overnight at 4°C with mouse antiCa V 1.2 calcium channel antibody (1/2000, clone L57/46) (NeuroMab Facility, Antibodies Incorporated). Immunoreactivity was detected using polyclonal goat anti-mouse immunoglobulins-HRP (DakoCytomation) and visualized using an ECL detection system (GE Healthcare). Pictures of the blots were taken with a ChemiGenius 2XE apparatus under the control of GeneSnap program (Syngene). Quantitative analysis of Western blots was performed by densitometry with the corresponding "Gene tools" analysis program (Syngene).
Quantitative RT-PCR
Total RNA was purified with the TRI Reagent (Sigma-Aldrich) according to the manufacturer's instructions. cDNA was synthesized from 1 g of total RNA using the SuperScript III first strand synthesis kit (Invitrogen) and oligo-dT primers. PCR amplification was performed on a DNA Engine Opticon2 fluorescence detection System (MJResearch/ Bio-Rad) with primer pairs designed to span exon boundaries and to generate amplicons of ϳ70 bp. Primer sets for Ca V 1.2, Ca V 1.3, and COX-2 were tested by quantitative reverse transcription (qRT)-PCR and gel electrophoresis for the absence of primer-dimer artifacts and multiple products. Triplicate qRT-PCRs were done twice for each sample, using transcript-specific primers (600 nM) and cDNA (10 ng) in a final volume of 10 l. The DyNAmo SYBR Green qPCR kit (Finnzymes) was used with the following PCR amplification cycles: initial denaturation, 95°C for 15 min; followed by 40 cycles with denaturation, 95°C for 20 s and annealing-extension, 61°C for 35 s. A dissociation curve was generated at the end of the 40th cycle to verify that a single product was amplified. The Ct value of each gene was normalized against that of succinate dehydrogenase complex subunit A (SDHA). The relative level of expression was calculated using the comparative (2 ⌬⌬CT ) method (Livak and Schmittgen, 2001 ). C and D) . Mismatch TP10-PNA did not block Ca V 1.2 (arrowheads in G) or Ca V 1.3 (arrowheads in J ) synthesis. Intrathecally injected TP10-PNA inhibited protein synthesis in the lumbar region (L4, arrows in H and K ), but did not diffuse to the upper spinal segments. It had no effects in the thoracic region (Th6, arrowheads in I and L). Observations were done from two to five sections in each region, from three animals in each condition (anti-Ca V 1.2, anti-Ca V 1.3, and mismatch PNAs). The sections in H and I and in K and L were taken from the same animals, respectively. Scale bars: 20 m.
Statistical analysis
Values are expressed as mean Ϯ SEM. For intracellular signaling pathways, statistical analyses were conducted using GraphPad InStat (version 3.0, GraphPad Software). Ipsilateral/contralateral radioactivity ratios were compared between groups using an unpaired t test followed by a Welch's corrected test. For electrophysiology, the analysis was performed using SigmaStat (version 3.5, Systat Software). Experimental groups were compared using a paired Student's t test. For morphological, behavioral, Western blots, and qRT-PCR quantifications, the groups were compared using a Mann-Whitney test. In all cases, the criterion for statistical significance was p Ͻ 0.05.
Results
Reversal of neuropathic tactile allodynia by knockdown of the Ca V 1.2 gene In the first step, we tested for the implication of LTCs in longterm sensitization associated with neuropathic pain. This chronic pain state may be characterized by painful hypersensitivity to innocuous stimuli, a phenomenon known as tactile allodynia. In the SNL model of neuropathy, we monitored, 7 d after the spinal nerve ligatures, the mechanical threshold for withdrawal of the ipsilateral foot in response to stimulation of the paw with von Frey hairs (Fig. 1, day 7) , and compared it to the threshold measured in the same animal just before the surgery (day Ϫ1, reference value 100 Ϯ 3.1%). The threshold was lowered to 49.5 Ϯ 4.5% of the control in the operated animals, but remained unchanged in sham animals (106.5 Ϯ 8.9%). Then, over 5 d, a group of SNL animals received a chronic intrathecal administration of nicardipine, a dihydropyridine that blocks LTCs. The LTC antagonist was administered in the lumbar region of the spinal cord, via a catheter connected to a subcutaneous osmotic pump (26 g/h). A second group of SNL animals was injected with the vehicle (artificial CSF). At day 11, the nicardipineinjected animals showed a significantly higher mechanical threshold, compared to the preinjection day 7 (68.4 Ϯ 4.2% and 49.5 Ϯ 4.5% of control, respectively, p ϭ 0.03 SNL ϩ nicardipine vs SNL), whereas the threshold did not change in the CSF group (53.5 Ϯ 2.5% of control, p ϭ 0.61 SNL ϩ CSF vs SNL). This indicates that LTCs are involved in the SNLinduced mechanical allodynia.
Because neuronal access of intrathecally applied dihydropyridines is limited, and because these antagonists do not distinguish between the two LTC isoforms, in the next step, we used an antisense-based strategy to knock down each variant in SNL rats. We considered the effects of intrathecal injections of PNA antisense molecules specifically targeting the expression of one of the Ca V 1.2 or Ca V 1.3 isoforms. We first checked that biotinylated PNAs coupled to TP10, actually penetrated in the lumbar dorsal horn when applied intrathecally in the lumbar region of the spinal cord (Fig. 2 Aa, star). Interestingly, this penetration did not extend to the thoracic (Fig. 2 Ab) or the sacral regions (data not shown), or to the ipsilateral DRG (Fig. 2 Ad) . As a confirmation, the expression of the Ca V 1.2 transcript evaluated by qRT-PCR in the ipsilateral DRGs of SNL rats (85.1 Ϯ 11.9% of sham, n ϭ 4) did not differ significantly from sham animals (100 Ϯ 5.5%, n ϭ 4, p ϭ 0.34), or SNL rats injected with anti-Ca V 1.2 PNA (91.6 Ϯ 6.5%, n ϭ 3, p ϭ 0.86) or with mismatch PNA (108.5 Ϯ 17.3%, n ϭ 3, p ϭ 0.23) (supplemental Fig. S1 A, available at www. jneurosci.org as supplemental material). We then verified the specific extinction of immunoreactivity for the LTC subtypes targeted by the antisense molecules, i.e., anti-Ca V 1.2 PNA ( Fig.  3A-C ; see also Fig. 7Ac) , and anti-Ca V 1.3 PNA (Fig. 3D-F ) (see quantifications in supplemental Fig. S2, A and B, respectively, available at www.jneurosci.org as supplemental material). Again, these extinctions were restricted to the lumbar region of the spinal cord (Fig. 3G, H, J,K ) , whereas the thoracic (Fig. 3 I, L) and sacral (data not shown) segments, and ipsilateral DRG (Fig. 2 B; see quantification in supplemental Fig. S1 B, available at www. jneurosci.org as supplemental material) remained unaffected. Finally, qRT-PCR analysis confirmed that the PNA-induced decrease in protein expression was actually due to knocking down the corresponding LTC mRNAs in the lumbar region of the spinal cord (see below, Fig. 6 A, B) .
In this series of experiments, 7 d after the ligation, the mechanical threshold for withdrawal of the ipsilateral paw was again lowered by ϳ50% (Fig. 4 A, SNL, day 7 ) in all the operated animals, whereas it remained unchanged in the sham animals (data not shown). Then, for 4 d, animals received daily intrathecal injections of either anti-Ca V 1.2 PNA or anti-Ca V 1.3 PNA (see Materials and Methods). Vehicle or mismatch PNA injections were used as controls. The threshold was further measured 1 d after the last injection (Fig. 1, day 11 ). As shown in Figure 4 A, the specific knockdown of Ca V 1.2 expression brought the threshold from 41.5 Ϯ 2.3% (day 7, n ϭ 8) back to 95.6 Ϯ 4.1% of the reference value (day 11, n ϭ 8; p Ͻ 0.0001 vs day 7 value, p ϭ 0.47 vs reference value). In contrast, anti-Ca V 1.3 PNA had no effects A, SNL induced a lowering of the mechanical threshold at day 7 (46.1 Ϯ 1.0% of the reference value, von Frey test), which persisted at day 11 (49.7 Ϯ 2.3%). In a second group of rats, the specific knockdown of Ca V 1.2 channels by intrathecal injection of the corresponding TP10-PNA antisense restored the threshold from 41.5 Ϯ 2.3% (day 7) to 95.6 Ϯ 4.1% of the reference value (day 11, p Ͻ 0.01 vs day 7 value, p ϭ 0.47 vs reference value). No reversal occurred after anti-Ca V 1.3 TP10-PNA ( p ϭ 0.54 vs day 7 value), mismatch TP10-PNA ( p ϭ 0.31 vs day 7 value), or vehicle ( p ϭ 0.24 vs day 7 value) injections. n, Number of animals; two stars, p Ͻ 0.01; NS, nonsignificant. B, Progressive recovery of a normal mechanical threshold during a period of daily injection of anti-Ca V 1.2 TP10-PNA (arrows) in SNL animals. The allodynia resumed progressively after the last TP10-PNA injection. Ca V 1.2 is necessary for the maintenance of the neuropathic pain sensitization. n ϭ 4 animals; one star, p Ͻ 0.05; two stars, p Ͻ 0.01. (Fig. 4 A, bar group 3) . No changes were observed in the untreated animals (SNL) (Fig. 4 A, bar group 1) or after the injection of either the mismatch PNA (Fig.  4 A, bar group 4) or the vehicle (Fig. 4 A, bar group 5). These results, therefore, demonstrate that only the knockdown of the Ca V 1.2 LTC isoform was able to reverse the neuropathy-induced sensitization of the withdrawal response and restore a normal level of mechanical sensitivity. On the contrary, in intact animals, injection of either one of the two PNAs had no effect on the mechanical threshold ( p ϭ 0.7 for Ca V 1.2 and p ϭ 0.6 for Ca V 1.3, Student's t test, data not shown). Together, our results indicate that Ca V 1.2 is specifically involved in the SNL-induced long-term sensitization to pain, but not in the normal response. Daily testing of the paw withdrawal threshold revealed the progressive recovery of a normal sensitivity level during the period of PNA injection, and the progressive reinstallation of the sensitization after the last application (Fig. 4 B) , indicating that Ca V 1.2 LTCs are required for the maintenance of the sensitization. To confirm the implication of Ca V 1.2-comprising LTCs in tactile allodynia, we also coapplied intrathecally, according to the previous protocol, two siRNAs targeting distinct nucleotide sequences of Ca V 1.2 (see Materials and Methods). The mechanical threshold for withdrawal of the ipsilateral paw 7 d after the nerve ligation was 43.5 Ϯ 2.1% (n ϭ 6 animals, data not shown) of the threshold measured at control day Ϫ1 before surgery (100 Ϯ 1.9%; p Ͻ 0.002, SNL/control). One day after the last of 4 daily intrathecal siRNA applications, the withdrawal threshold recovered to 81.1 Ϯ 2.1% of the control (n ϭ 6 animals, p Ͻ 0.002, day 11/day 7). Therefore, Ca V 1.2 knockdown by PNAs or siRNAs produced similar reversal of tactile allodynia in neuropathic rats.
Ventral horn neurons and especially plateau potentialgenerating motor neurons also express Ca V 1.2 LTCs (Westenbroek et al., 1998; Anelli et al., 2007) that are knocked down by anti-Ca V 1.2 PNAs (see Fig. 7Ae,Af ) . In spinal cord, motor responses to sensory stimulation can be perturbed by LTC blockade (Martinez-Gomez and Lopez-Garcia, 2007). Because tactile allodynia is usually monitored by means of a flexion reflex including such a sensorimotor response, we checked whether the increase of the withdrawal threshold back to control could be partly due to a PNA-mediated degradation of motor performance. We monitored the latency to fall from a rotating beam (Rotarod) (see supplemental method and Fig. S3 , available at www.jneurosci.org as supplemental material). In the SNL model, two of the three segmental ventral branches of the sciatic nerve are also ligatured, and, accordingly, SNL animals showed a significant decrease in the latency to fall (supplemental Fig. S3 , available at www. jneurosci.org as supplemental material) (23.9 Ϯ 5.6% of control day Ϫ1; n ϭ 10, p ϭ 0.001, SNL/control). However, subsequent intrathecal PNA applications did not change significantly this latency (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material) (24.6 Ϯ 8.0% of control; n ϭ 5, p ϭ 0.69, Ca V 1.2 PNA/SNL; 13.9 Ϯ 5.5% of control; n ϭ 5, p ϭ 0.84, mismatch PNA/SNL). In summary, it does not appear that application of anti-Ca V 1.2 PNA affected the motor performance of SNL rats.
Reversal of dorsal horn neurons hyperexcitability by knockdown of Ca V 1.2 gene
Given the involvement of Ca V 1.2 in the sensitization of the behavioral response to mechanical stimuli, we next tested the effects of blocking the expression of the LTC subtypes on the excitability and responsiveness of deep DHNs. By means of extracellular recordings, we selected WDR neurons identified in the dorsal horn as neurons responding to both innocuous (brush and pressure) and noxious (pinch) stimulations of their receptive field on the paw (Fig. 5A) . As shown in Figure 5B , the spontaneous discharge frequency of WDRs in the SNL animals was substantially higher than that in the sham animals ( Fig. 5B) (SNL 1.92 Ϯ 0.36 Hz vs sham 0.39 Ϯ 0.3 Hz, p Ͻ 0.05). Again, the increase in excitability was selectively reversed after intrathecal application of PNA tar- geted against Ca V 1.2 (Fig. 5B ) (0.28 Ϯ 0.1 Hz). However, antiCa V 1.3 PNA or mismatch PNA again had no effect.
We further considered the responses of the same neurons to mechanical stimulation of their receptive field on the ipsilateral paw, with von Frey hairs of increasing rigidity. In the SNL animals, WDRs presented much stronger responses than in the sham animals, for both innocuous (Fig. 5C , 5-10 g) and noxious (Fig.  5C , 25-50 g) stimulations. This increase in WDR sensitivity was totally reversed after intrathecal application of anti-Ca V 1.2 PNA (Fig. 5D, filled circles) , whereas anti-Ca V 1.3 PNA (Fig. 5D , open circles) or mismatch PNA (Fig. 5D, triangles) had no effects. Our results therefore indicate that specific calcium influx through Ca V 1.2 LTC is a critical factor of DHN sensitization in the SNL model of neuropathic pain.
Upregulation of Ca V 1.2 LTCs
This specific involvement of Ca V 1.2 LTCs in DHN sensitization shown by neuropathic rats, fits with an increase in the expression of Ca V 1.2 reported in other models of nerve injury (Dobremez et al., 2005) . We therefore evaluated the expression of Ca V 1.2 mRNA in neuropathic animals by quantitative RT-PCR. As shown in Figure 6 A, the expression of Ca V 1.2 mRNA increased by more than twofold in the SNL rats compared to the sham animals (215% of sham, p Ͻ 0.01) (Fig. 6 A, black bar) . As expected, this overexpression was strongly reduced after antiCa V 1.2 PNA intrathecal application (40.1% of sham, equivalent to 19% of SNL, p ϭ 0.002) (Fig. 6 A, white bar) . Intrathecal application of anti-Ca V 1.2 siRNA also strongly reduced the overexpression of Ca V 1.2 transcripts (88.6% of sham, equivalent to 41% of SNL, p Ͻ 0.01) (Fig. 6 A, dotted bar) , whereas application of either anti-Ca V 1.3 PNA (Fig. 6 A, gray bar) or mismatch PNA or mismatch siRNA (Fig. 6 A, middle and right hatched bars, respectively) had no effect on Ca V 1.2 mRNA expression (230.3 Ϯ 29.3%, 196.5 Ϯ 25.3%, and 237.3 Ϯ 33.4% of sham, respectively, p ϭ 0.93, 0.59, and 0.38 vs SNL). Unlike Ca V 1.2, the expression of Ca V 1.3 transcripts showed a significant decrease in the SNL rats (58.3% Ϯ 7.4% of sham, p Ͻ 0.01) (Fig. 6 B, black bar) . As predicted, this expression was further reduced after intrathecal application of anti-Ca V 1.3 PNA (22.6% of sham, p Ͻ 0.05) (Fig. 6 B,  gray bar) . Importantly, however, intrathecal application of antiCa V 1.2 PNA in SNL animals had no effect on Ca V 1.3 mRNA expression (50.1% of sham, equivalent to 86% of SNL, p ϭ 0.62) (Fig. 6 B, white bar) , like the application of mismatch PNA (55% of sham, equivalent to 94% of SNL, p ϭ 0.85) (Fig. 6 B, hatched  bar) . This indicates that reduction of the SNL-induced allodynia by anti-Ca V 1.2 PNA cannot be mediated by the alteration of Ca V 1.3 mRNA level.
Ca V 1.2 upregulation in SNL rats was confirmed by Western blots. Expression of Ca V 1.2 protein was examined by Western blotting in total extracts of ipsilateral lumbar spinal cord. The protein level increased in the spinal cord of SNL animals (Fig.  6C1,C2 , black bar) (154.3 Ϯ 5.2% of sham, p Ͻ 0.01). This overexpression was suppressed by intrathecal application of antiCa V 1.2 PNA or siRNA (Fig. 6C2 , white and dotted bars, respectively) (103.3 Ϯ 1.5% of sham, equivalent to 66.94 Ϯ 0.9% of SNL, p Ͻ 0.001, PNA vs SNL, and 113.2 Ϯ 1.5% of sham, equivalent to 73.37 Ϯ 0.9% of SNL, p Ͻ 0.001, siRNA vs SNL).
As reported previously (Westenbroek et al., 1998; Dobremez et al., 2005) , Ca V 1.2 immunostaining can be observed throughout the whole dorsal horn of the lumbar spinal cord. The intensity of Ca V 1.2 immunofluorescence significantly increased in neuropathic rats ( Fig. 7Aa,Ab; Fig. 7B1 , black bar) (129.6% of sham, p ϭ 0.002). Ca V 1.2 immunofluorescence also appeared in the ventral horn, especially on motor neurons (Fig. 7Ad ,Ae, arrows), but did not significantly increased in SNL animals (Fig.  7B2 , black bar) (112.9% of sham, p ϭ 0.08), unlike what occurs in chronic spinal cord injury (Anelli et al., 2007) . In both dorsal and ventral horns, immunolabeling of Ca V 1.2 strongly decreased after intrathecal applications of anti-Ca V 1.2 PNA (Fig. 7Ac,Af; Fig.  7B , white bars) (62.4 Ϯ 6.2% and 61.7 Ϯ 6.8 of sham, respectively, p Ͻ 0.01). Conversely, application of anti-Ca V 1.3 had no effect on Ca V 1.2 immunolabeling (Fig. 7B , gray bars) (136.5 Ϯ 8.9% and 109.9 Ϯ 7.8 of sham in DH and VH, respectively, p ϭ 0.26 and 0.45 anti-Ca V 1.3 vs SNL).
Together, our results showed that, in neuropathic pain conditions, Ca V 1.2 LTCs were upregulated in dorsal horn neurons.
LTC-dependent calcium rise
In long-term sensitization, calcium influx leads to gene regulation (Ji et al., 2003) . Thus, we investigated the intracellular mechanisms activated by an LTC-mediated calcium rise in dorsal horn neurons. We first conducted calcium-imaging experiments on dissociated spinal cell cultures to test for subtype-specific calcium entry in the somatic compartments (Fig. 8 A) . Stimulation of the Figure 6 . SNL-induced overexpression of Ca V 1.2. Efficient knockdown after intrathecal antiCa V 1.2 antisenses application. A, Expression of Ca V 1.2 mRNA (qRT-PCR) increased by more than twofold in SNL rats compared to sham animals (black bar). Ca V 1.2 mRNA levels were significantly reduced after intrathecal injection of anti-Ca V 1.2 TP10-PNA (white bar) or siRNA (dotted bar). Application of either anti-Ca V 1.3 TP10-PNA (gray bar) or mismatch PNA or mismatch siRNA (middle and right hatched bars, respectively) had no effect. B, Expression of Ca V 1.3 mRNA (qRT-PCR) showed a significant reduction in SNL rats compared to sham animals (black bar), and was further decreased after intrathecal injection of anti-Ca V 1.3 TP10-PNA (gray bar). Application of either anti-Ca V 1.2 TP10-PNA (white bar) or mismatch PNA (hatched bar) had no effect. C, Western blot analysis of the Ca V 1.2 expression from ipsilateral lumbar spinal cord of sham, SNL, siRNA-injected, and PNA-injected animals (C1). The protein level increased in the spinal cord of SNL animals (black bar). Application of anti-Ca V 1.2 PNA or siRNA (white and dotted bars, respectively) suppressed Ca V 1.2 overexpression (C2). n, Number of animals; one star, p Ͻ 0.05; two stars, p Ͻ 0.01; three stars, p Ͻ 0.001; NS, nonsignificant; stars above black bars are statistics versus sham.
cultures with K ϩ application induced a long-lasting rise in [Ca 2ϩ ] i (Fig. 8 B) yielding to a %⌬F/F (see Materials and Methods) of 35.85 Ϯ 2.49 (mean Ϯ SEM, n ϭ 84 cells in 11 cultures). This global Ca 2ϩ transient was significantly decreased in cultures treated with antiCa V 1.2 or anti-Ca V 1.3 PNA, although the decrease was much more pronounced with the anti-Ca V 1.2 PNA (%⌬F/F ϭ 16.34 Ϯ 1.85 and 30.00 Ϯ 2.84, respectively). After PNA treatments, the reduction of Ca 2ϩ transients occurred in both the cytoplasmic and nuclear compartments (see Materials and Methods). However, the ratio between nucleus and cytoplasmic fluorescence decreased significantly in the presence of anti-Ca V 1.2 PNA, whereas the change remained nonsignificant in the presence of anti-Ca V 1.3 or mismatch PNA (Fig. 8C) , indicating that Ca V 1.2 channels contribute more prominently to the calcium rise in the nucleus.
The stronger Ca V 1.2-dependent calcium rise in the nucleus, and the fact that LTCs have long been known to induce regulation of gene expression (Bading et al., 1993) , suggest that the effect of this L-channel subtype in SNL-derived sensitization involves gene activation.
Ca V 1.2-dependent gene activation
To test for this possibility, we investigated the phosphorylation of CREB, a transcription factor activated by LTCmediated calcium influx (Bading et al., 1993; Deisseroth et al., 1998; . To do so, we used immunoautoradiography and Micro-imager analysis to compare, quantitatively, the amount of phosphorylated, active forms of CREB in the following experimental conditions: sham-operated animals, SNL animals, and SNL animals with anti-Ca V 1.2 intrathecal application. As we showed (see above) that Ca V 1.3-mediated calcium influx is not involved in the SNL-induced sensitization, we also used anti-Ca V 1.3 PNA application as a negative control. The study was performed separately in more superficial (I-II) and deeper laminae (V-VI), the former of which receive most of the nociceptive inputs, whereas the latter are part of the nociceptive output stage.
As in other models of neuropathy (Ma and Quirion, 2001; Miletic et al., 2002; Song et al., 2005; Crown et al., 2006) , the expression of the phosphorylated form of the CREB transcription factor significantly increased in the ipsilateral dorsal horn of SNL animals (Fig. 9 , SNL, black bars), both in superficial and deep laminae (respectively ϩ21.0 Ϯ 2.8% and ϩ21.4 Ϯ 2.0% compared to contralateral dorsal horn). Intrathecal application of the anti-Ca V 1.2 PNA in neuropathic rats restored phospho-CREB (pCREB) amounts almost to the sham values (ϩ4.0 Ϯ 2.0% vs ϩ0.7 Ϯ 2.0% in sham, p ϭ 0.55, in superficial laminae; ϩ5.7 Ϯ 1.1% vs ϩ0.6 Ϯ 1.0% in sham, p ϭ 0.11, in deep laminae) (Fig. 9 , white vs dotted bars). In contrast, anti-Ca V 1.3 PNA application did not reverse the SNL-associated increase in pCREB levels (Fig.  9, gray bars) . In addition, our data showed that the immunoreactivity for total CREB (phosphorylated plus nonphosphorylated forms) did not change after Ca V 1.2 PNA injection (ϩ22.8 Ϯ 3.1% vs ϩ26.5 Ϯ 4.3% in SNL, p ϭ 0.73, in superficial laminae; ϩ18.8 Ϯ 5.9% vs ϩ10.3 Ϯ 2.6% in SNL, p ϭ 0.20, in deep laminae) (data not shown). This further confirms that, in SNL animals, calcium influx through the Ca V 1.2 subtype preferentially induces CREB phosphorylation rather than modifying CREB expression. This specific Ca V 1.2-dependent phosphorylation of CREB is consistent with the specific role of this calcium channel subtype in pain-associated mechanical hypersensitivity that is also shown in the present study (Fig. 4) . Absence of Ca V 1.2 immunolabeling after intrathecal application of anti-Ca V 1.2 TP10-PNA in both dorsal (Ac) and ventral horns (Af ). Scale bar, 20 m. B, Quantification of Ca V 1.2 immunofluorescence. In neuropathic animals, Ca V 1.2 immunolabeling significantly increased in the dorsal horn (B1, black bar) but not in the ventral horn (B2, black bar). After anti-Ca V 1.2 TP10-PNA application, Ca V 1.2 immunolabeling significantly decreased in DH and VH (B1, B2, white bars), whereas application of anti-Ca V 1.3 TP10-PNA had no effect (gray bars). n, The first and second numbers indicate the number of quantified sections and of animals, respectively; two stars, p Ͻ 0.01; NS, nonsignificant.
Next, we investigated the classical MAPK [extracellular signalregulated kinase 1 and 2 (ERK1/2) and p38] and CaM kinase II (CaMKII) intracellular signaling pathways involved in CREB activation (West et al., 2001) , and elicited by chronic pain (Woolf and Salter, 2000) . The expression of the phosphorylated forms of the three kinases (ERK1/2, p38 MAPK, and CaMKII) significantly increased in the ipsilateral dorsal horn of neuropathic animals (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material, SNL, black bars). However, the intrathecal application of either anti-Ca V 1.2 or anti-Ca V 1.3 PNA did not reverse these kinase upregulations (supplemental Fig. S4 , white and gray bars, available at www.jneurosci.org as supplemental material). The preceding data therefore indicate that the Ca V 1.2-specific phosphorylation of CREB in SNL animals is not mediated by intracellular signaling pathways involving ERK1/2, p38 MAPK, or CaMKII.
The Ca V 1.2-dependent upregulation of P-CREB should lead to an enhanced level of transcription of CRE-dependent genes. To test for this possibility, we monitored the expression of COX-2, a key enzyme regulating the production of prostaglandins, central mediators of inflammation, whose expression may be regulated by pCREB (Pham et al., 2006; Tsatsanis et al., 2006) . Using qRT-PCR, we compared the expression of COX-2 mRNA in sham and SNL rats, before and after the intrathecal application of PNA targeting the two LTC ␣-1 subunits. The expression of COX-2 mRNA increased by more than threefold in the SNL rats compared to the sham animals (316% of sham, n ϭ 7, p Ͻ 0.01) (Fig. 10, black bar) . This overexpression was totally reversed to the sham value after anti-Ca V 1.2 PNA intrathecal application (103% of sham, n ϭ 4, p ϭ 0.79) (Fig. 10, white bar) . Again, application of anti-Ca V 1.3 PNA (297% of sham, n ϭ 3, p Ͻ 0.02) (Fig. 10, gray bar) or mismatch PNA (252% of sham, n ϭ 3, p Ͻ (Fig. 10, hatched bar) did not reverse the SNL-associated increase in COX-2 mRNA expression. Therefore, we conclude that it was the Ca V 1.2-dependent increase in pCREB expression in SNL animals that led to the enhancement of the CREdependent COX-2 gene transcription.
Discussion
Two types of L calcium channels, which contain either the Ca V 1.2 or the Ca V 1.3 ␣1 subunit, are expressed in the CNS (Ertel et al., 2000) . By using an antisense-based strategy, we demonstrated here that the specific knockdown of Ca V 1.2, but not of Ca V 1.3 channel expression, totally reversed the long-term sensitization associated with chronic neuropathic pain. We showed that Ca V 1.2 is upregulated in the SNL model of neuropathic pain, and that this upregulation is associated with an increase in pCREB expression, leading to the transcription enhancement of the CRE-dependent COX-2 gene.
The Ca V 1.2 LTC maintains long-term neuropathic sensitization
The use of antisense that specifically targeted either Ca V 1.2 or Ca V 1.3 is particularly relevant because, except for a difference in dose dependence for dihydropyridines (Xu and Lipscombe, 2001) , all the available L-type voltage-gated calcium channel (VGCC) antagonists do not discriminate between the two LTC subtypes. Our antisense strategy used PNA conjugated to TP10, a shorter analog of the cell-penetrating peptide transportan (Soomets et al., 2000) . Moreover, the intrathecal procedure used (chronic intrathecal catheter) allowed us to target the lumbar spinal cord while limiting the diffusion of biologically active constructs. Actually, with biotinylated PNAs, we checked that they reached neither the DRGs, nor the thoracic or sacral spinal cord segments. qRT-PCR and quantification of immunolabeling confirmed that expression of both Ca V 1.2 mRNA and protein was not altered in DRGs.
In accordance with the original study of Kim and Chung (1992) , the SNL procedure led to long-term sensitization, marked by a robust tactile allodynia. Focal and selective knockdown of Ca V 1.2 by PNAs resulted in the restoration of the normal threshold for mechanical sensitivity. The intrathecal application of siRNAs targeting two distinct regions of Ca V 1.2 produced similar effects. Moreover, this knockdown reversed the hyperexcitability of deep DHNs, which restored normal background activity and responsiveness to physiological stimuli. Interestingly, these functional modifications were concomitant with an upregulation of Ca V 1.2 mRNA and protein in SNL animals, consistent with the increase in Ca V 1.2 channels reported in other models of nerve injury (Dobremez et al., 2005) . Altogether, our data strongly suggest that the upregulated Ca V 1.2 calcium channel subtype actually plays a prominent role in the maintenance of long-term neuropathic sensitization.
Ca V 1.2 gene activation
Calcium influx through neuronal LTCs plays a pivotal role in excitation-transcription coupling, triggering changes in gene expression that result in long-term CNS plasticity, especially via a potent activation of the CRE/CREB-dependent transcription (Bading et al., 1993; Bito et al., 1996; Deisseroth et al., 1998; Dolmetsch et al., 2001; West et al., 2001) . Pathological changes in neuronal sensitization associated with chronic pain, involve such multiple gene regulation following neuronal hyperactivity (Woolf and Salter, 2000) , and activation of the CREB transcription factor contributes to long-term modifications in the processing of nociceptive information in the spinal cord (Ma and Quirion, 2001; Miletic et al., 2002; Wu et al., 2002; Song et al., 2005; Crown et al., 2006 ). The present study shows a similar activation of CREB signaling in the SNL model of neuropathy, and demonstrates the essential and specific contribution of the Ca V 1.2 channel in this process.
Downstream of LTCs, CREB activation may be controlled by distinct cytoplasmic and nuclear calcium signaling pathways (Hardingham et al., 1997; West et al., 2001) . Classical cascades result from the phosphorylation of the ERK1/2 MAP kinases, the p38 MAPK, or the CaM kinase II. Activation of these signaling pathways in the dorsal horn participates in pain hypersensitivity (Ji et al., 1999 (Ji et al., , 2003 Kawasaki et al., 2004; Song et al., 2005; Zhuang et al., 2005; Crown et al., 2006) . Our quantitative analysis confirmed the overexpression of the three phosphokinases in the ipsilateral dorsal horn of SNL rats, but also showed that the knockdown of either of the two LTCs had no effect on this overexpression.
In addition to cytoplasmic kinases, nuclear kinases such as the calmodulin-activated kinase IV (CaMKIV) may phosphorylate CREB (Bito et al., 1996) . This may be achieved by nuclear translocation from the cytoplasm of a calcium-activated calmodulin (Deisseroth et al., 1998 (Deisseroth et al., , 2003 . But alternatively, CREB may function as a nuclear calcium-responsive transcription factor (Hardingham et al., 1997) , whose phosphorylation by CaMKIV and induction of transcriptional activity requires a calcium rise in the nucleus (Chawla et al., 1998; Hardingham et al., 2001) . As evidenced by our calcium imaging experiments, Ca V 1.2 is an important source of nuclear calcium in spinal neurons. This suggests that CREB-activating nuclear calcium signals downstream of the Ca V 1.2 channels in spinal neurons may control the longterm plasticity associated with neuropathic pain. The involvement of CaMKIV in this Ca V 1.2-dependent sensitization requires further investigation.
We also report here a downregulation of Ca V 1.3 mRNA. But although the Ca V 1.3 LTC-mediated Ca 2ϩ influx may also activate pCREB signaling (H. Zhang et al., 2005) , our selective Figure 10 . SNL-induced Ca V 1.2-dependent upregulation of the CRE-dependent COX-2 gene. qRT-PCR analyses showed that COX-2 mRNA increased by more than threefold in SNL rats compared to sham animals (black bar). Anti-Ca V 1.2 TP10-PNA intrathecal injections restored COX-2 mRNA expression to sham animal levels (white bar). Anti-Ca V 1.3 (gray bar) or mismatch TP10-PNA (hatched bar) intrathecal applications had no effect on COX-2 expression in SNL rats. n, Number of animals; one star, p Ͻ 0.05; two stars, p Ͻ 0.01; NS, nonsignificant; all values versus sham.
knockdown of Ca V 1.3 in the dorsal horn of SNL animals showed no evidence that these channels promote CREB phosphorylation. Accordingly, the knockdown of Ca V 1.3 had no effects on both allodynia and DHN hyperexcitability. This is consistent with data showing that mice lacking the Ca V 1.3 subunit present unmodified mechanical and thermal nociceptive sensitivity (Clark et al., 2003) . This absence of effect is noteworthy in light of our previous observation that both Ca V 1.2 and Ca V 1.3 are strictly necessary for the expression of windup (Fossat et al., 2004) , a form of short-term sensitization to pain dependent on LTCs (Fossat et al., 2007) , but not requiring gene activation.
The phosphorylation of CREB is not by itself sufficient to induce its transcription activity (Chawla et al., 1998; X. Zhang et al., 2005) . Therefore, we verified that the Ca V 1.2-sensitive increase in p-CREB that occurred in SNL animals actually enhanced the downstream transcription of CRE-dependent genes. We chose to monitor the expression of COX-2 because (1) it is an inducible enzyme strongly upregulated in the spinal cord by proinflammatory stimuli, (2) it is implicated in chronic pain states [for review, see Bingham et al. (2006) , Tsatsanis et al. (2006) , and Zeilhofer (2007)], and (3) it may be controlled by several transcription factors including p-CREB (Pham et al., 2006; Tsatsanis et al., 2006) . We demonstrated a clear increase in COX-2 transcription in the dorsal horn ipsilateral to the spinal nerve ligation, and a recovery after specific knockdown of Ca V 1.2 LTCs in the dorsal horn neurons. We may therefore conclude that the two LTC subtypes expressed in the dorsal horn have differential effects, and that the specific calcium influx through Ca V 1.2 maintains long-term central sensitization associated with chronic neuropathic pain, acting via regulation of gene expression.
The Ca V 1.2 LTC in neuropathic pain
There is increasing evidence that N-type VGCCs (Ca V 2.1) in DRG and the spinal cord, and T-type channels (Ca V 3.2) in DRG play an important role in acute nociception and sensitization to pain (Bourinet et al., 2005) [for review, see Vanegas and Schaible (2000) , Yaksh (2006) , and Swayne and Bourinet (2008) ]. The involvement of L-type channels, however, is less clear and seems to depend on the experimental model, the type of pain, the mode of application of the agonists and antagonists, and most probably the dose of these compounds Yaksh, 2006) . Although L-type channel blockers decrease primary and secondary hyperalgesia and mechanical allodynia in monoarthritic rat (Neugebauer et al., 1996; Schaible et al., 2000) , their effects in neuropathic pain remain controversial. It was reported that they did not significantly influence tactile allodynia in the SNL model (Chaplan et al., 1994) or in mice treated with vincristine (Fukuizumi et al., 2003) . In streptozotocin-induced diabetic rats, intrathecal application of verapamil, diltiazem or nimodipine had no effect on tactile allodynia (Calcutt and Chaplan, 1997) , whereas systemic nimodipine decreased thermal hyperalgesia (Gupta et al., 2003) . The discrepancies between these reports might result from the low potency of intrathecally applied dihydropyridine antagonists. In the present work actually, even prolonged infusion of nicardipine with an implanted osmotic pump decreased the SNL-induced mechanical hypersensitivity by 40% only. This could explain why the many treatments for cardiovascular diseases with oral or systemic dihydropyridines in humans yielded no analgesic effects. According to animal studies on dihydropyridine bioavailability in brain ventricles after systemic injection (Tsukahara et al., 1989) , one may approximate a difference of three orders of magnitude between intra-arterial and CSF concentrations. At therapeutic intravenous doses (Porchet et al., 1992; Cheung et al., 1999) , the concentration of dihydropyridine in the CSF must be far too low to exert any antihyperalgesic effect. In any event, our antisense strategy demonstrated that knockdown of the Ca V 1.2 LTC gene induced a strong antiallodynic effect in the SNL model, and a reversal of dorsal horn neuron's hyperexcitability, thereby providing direct evidence for a pronociceptive role of this calcium channel in the neuropathic pain state. Ca V 1.2, but not Ca V 1.3, mediates long-term pathological sensitization through CREB phosphorylation. Altogether, our results provide a direct demonstration of the role of L-type calcium channels in supporting central nociception, and pathological sensitization.
Concluding remarks
Our data demonstrate that the LTCs in the spinal dorsal horn, especially those comprising Ca V 1.2, are crucial factors for the maintenance of chronic neuropathic pain. Handling LTC blockers in clinics may be complicated regarding the lack of isoformselective antagonists. But a better understanding of the mechanisms elicited by LTC-dependent sensitization should indicate new therapeutic avenues to control neuropathic pain by targeting either LTC-auxiliary subunits, associated proteins, or downstream signaling pathways regulating gene expression.
